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ABSTRACT Broceoli is a food often consumed [or its potential health-promoting properties. The health benefits of broc-
coli are partly associated with secondary plant compounds that have bioactivity: giucosinolates and phenolic acids are two of
the most abundant and important in broccoli. In an effort 1o determine how variely, stress, and production conditions affect
the production of these bioactive components broccoli was grown in the greenhouse with and without selenium (Se) fertil-
ization, and in the field under conventional or organic farming procedures and with or without water stress. High-performance
liquid chromatography/mass spectrometry was used to separate and identify 12 primary phenolic compounds. Variety had a
major effect: There was a preponderance of flavonoids in the Majestic variety, but hydroxycinnamic esters were rclatively
more abundant in the Legacy variety. Organic farming and water stress decreased the overall production of phenolics. Se fer-
tilization increased glucosinolates in general, and sulforaphane in particular, up 1o & point: above that Se fertilization decreased
glucosinolate production. Organic farming and water stress also decreased glucosinolate production. These data show envi-
ronmental and genetic variation in phenolics and glucosinolates in broccoli, and warmn that not all broccoli may contain all
health-promoting bioactive components. They further show that selection for one bioactive component (Se) may decrease the
content of other bioactive components such as phenolics and glucosinolates.
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INTRODUCTION

UNCTIONAL FOODS, £.e., foods that provide specilic health
benefits beyond basic nutrition, are one ol the fastest
growing segments of the food industry.! Many functional
properties of foods are based on the actions ol a specific
bioactive component; phytochemicals in plant foods are cs-
pecially important. However, many factors may affect the
production and accumulation of bivactive compounds, and
if a food is to be marketed based on a functional character-
istic there must be a measure of the inherent variability.
Broceoli, one of the most commonly consumed vegeta-
bles in North America, is an excellent source of folute.? In
an Australian study, broccoli was among the greatest con-
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tributors to lutein and zeaxanthin intakes.® Broccoli also is
a primary food source of phylloguinone,® vitamin C,% and
dictary fiber.®

While the above nutrients in broccoli are important, other
non-nuttitive componcnts may be equally important {or
health. Glucosinolates, parent compounds ol potent Phase 1]
enzyme inducers such as sulforaphane (SF). may be re-
sponsible for the cancer-pratective qualities of broceoli.
Another class of bioactive compounds found in all plant-
based Toods is phenolics. Chu er ul.® reported broccoli to
have the highest total phenolic content of the 10 most com-
monly consumed vegetables in the United States. Broccoli
also has the unique ability to accumulate large amounts of
selenium (Se) if grown under conditions where soluble Se
is available. The form of Se in broccoli may be especially
efficacious for the prevention of several cancers in biolog-
ical systems.”

Phenolics are secondary metabolites of higher plants syn-
thesized for a variely of roles in plant life (including her-
bivory defense and cell-to-cell signaling, thus increasing
plant competitiveness).'%~!2 Phenolics are nutritionally im-
portant because of their role as antioxidants, and in the in-
hibition of oxidative damage diseases such as coronary heart
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disease, stroke, and cancers.!®!4 Phenolics have been re-
ported to suppress the formation of mutagenic compounds
from salted fish,'S and some authors have suggested that
phenolics may explain some of the anti-cancer benefits of
foods such as whole grains,'S olive oil,'” high-fiber foods
(degradation of non-lignin-containing plant cell wails re-
leases ferulic and other hydroxycinnamic acids),'® citrus
fruits,' and garlic.2® Analysis of phenolic components is
complicated by the large variety of natural derivatives (es-
timated to be near 8,000),>' and because they are minor com-
ponents in a complex plant matrix. In addition, both genetic
{e.g.. cullivar) and environmental (e.g., climate, soil type,
and production pructice) conditions may affect the phenolic
profile and total content of a plant.

Glucosinolates are secondary plant compounds compris-
ing a B-v-thioglucose group, a sulfonated oxime group, and
an amino acid-derivative side chain.?> More than 120 glu-
cosinolates have been characterized, and although no es-
sential rolé for glucosinolules in plant metabolism has been
found, they may be important in herbivore and microbial de-
fense.2? Glucosinolates are not bioactive until they have
been enzymatically hydrolyzed®® by endogenous myrosi-
nase, released during the disruption of the plant cell by har-
vesiing, processing, or mastication. Hydrolysis of glucosi-
nolates may also occur by gut microflora.2? Broccoli
converts 80-90% of glucoraphanin to SF nitrile and [0-20%
to SF.%* SF is the most potent Phase 11 inducer in broceoli,
while SF nitrile has no effect on phase [I enzyme activities.
SF and other dietary isothiocyanates are of importance be-
cause they regulate phase [ and Tl enzyme activities and thus
may account for the cancer-protective effects of cruciferous
vegetable. Glucosinolate concentrations are affected by en-
vironmental conditions including cultivation systems, cli-
male, and soil conditions.*s

In the present investigation, we report some effects of en-
vironment on the pralile and accumulation of phenolics and
elucasinolates in hroceoli. Because broccoli accumulates Se
that has accumulated onto soils after irrigation with Se-laden
waler,>® which is used as a method of phytoremediation on
high-Se soils, we have studied broceoli fertilized with Se,
and show thal exposure of broceoli (o Se changes the phe-
nolic profile and glucosinolate content. Also, production and
consumption ol high-cash-value organic vegetables, e.g.,
broceoli have drastically increased during the last decades,
sa we wanted to test i organice Tarming practices alteved the
phenolic and glucosinolate profiles compared with conven-
fionally grown broceolt in the same arca,

MATERIALS AND METHODS
Reagenty

Acetonitrile, formic acid, ethy! acelate, methanol, acetic
acid, and HCI were all of analytical or high-performance lig-
uid chromatography (HPLC) grade and purchased from
Fisher (Fairlawn, NJ). All phenolic acids standards (ferulic,
caffeic, sinapic, and chlorogenic) as well as flavonoids

(rutin, luteolin, quercetin, and kameferol) were obtained
from Sigma (St. Louis, MO). Deionized water (18 (1) was
prepared using a Milli-Q® purification system (Millipore
Corp., New Bedford, MA).

Broccoli production

Two varieties of broceoli (Brassica oleracea)—Majestic
and Legacy—were used; Legacy was grown in California
under normal production conditions. The Majestic variety
was grown and handled as previously described, except thal
the concentration ol sodium selenate solution added varied
depending of the desired broceoli Se concentration.”” The
different broccoli samples were given the following code
names: 0SM, 5SM, 100SM, 1000SM, CGL 100, CGLRO, and
OGLI100, where M = Majestic, L = Legacy, CG = con-
ventionally grown, OG = organically grown, and S = Se:
the number in front indicates the Se concentration ol vari-
eties fertilized with Se, while the number {ollowing the sym-
bol refers to the percentage of transpired water that was re-
placed by irrigation (see below).

Legacy production: organic versus conventional

Broccoli variety Legacy was grown in two field sites in cen-
tral California; one site was certified for organic farming (4.0
ha at Harris Farms, Five Points, CA; soil classified as a silty
clay loam), and the other site was used for conventional farm-
ing (20 ha at Harris Farms; soil classified as silty clay loam).
Broccoli was planted by seeding. Water was applied by a sprin-
kler system for about 30 days after seeding and then foliowed
by surface drip irrigation (T-tape) for the remainder of the sea-
son. rrigation was based in part on evapotranspiration data
provided by a local weather station; water was supplied as
100% or 80% of evapotrunspiration losses. Broccoli plants
were harvested from three 1-m? areas within each respective
treatment, and treatments were replicated at least four times.
Whole plants were separated into leaf, stem, and floret, pre-
pared, and analyzed as described later.

Extraction of phenolic components

Broceoli extracts were prepared identically: 0.5 g of fincly
ground freeze-dried broceaoli powder was covered with [0
mL of 6:4 (vol/vol) methanol/waler, sonicated at room tem-
perature for 30 minutes, and then centrifuged. The super-
natant was removed, and the process was repeated once, The
extracts were combined and evaporated to dryness in a ro-
tary evaporator at room temperature, and the solid residue
was redissolved in 1 mL of 6:4 (vol/vol) methanol/water and
filtered (pore size, 0.22 um; polyvinylidenedifluoride).
HPLC and liquid chromatography (LC)/mass spectrometry
(MS) analyses were performed on these saniples.

LClultraviolet (UV)/MS conditions

The analyses were performed on an Agilent Technologies
(Palo Alto, CA) LC/MSD SL HPLC apparatus (model 1100)
equipped with a quaternary pump (G131]A), an autosam-
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pler (G1313A), photodiede array (GI315B). degasser
(G1379A), and column heater (G1316A) and controlled by
the Agilent software, HPCore Chemstation. Separation of
the main phenolic components of broccoli extracts was
achieved with a Waters Chromatography (Milford, MA)
Symmetry column (C18; particle size. 5 pm; 3.9 i.d. X 150
mm) with a sentry-guard column (C18; particle size, 5 wm;
3.9 1.d. X 20 mm). The mobile phase was a mixture of wa-
ter—formic acid (A = (.1% formic acid in water) and ace-
tonitrile=formic acid (3 = 0.1% lormic acid in acetonitrile).
The mobile phase began with a gradient of 5-20% B in 25
minutes, was held at 20% B until 35 minutes, then increased
o 30% B until 58 minutes. and finally brought to 100% B
to wash the column for 5 minutes. The injection volume was
set at 60 ul. The Mow rate was 0.7 mL/min, and the col-
umit lemperature was set o 25°C. Chromatograms were
recorded at 350, 330, and 310 nm for peak intensities, and
UV spectra were recorded from 200 to 550 mim. The LC sys-
tem was directly connected wilh the MSD detector without
stream splitting. The mass spectrometer was equipped with
an electrospray ionization (ES1) source that was operated in
negative ion mode. Mass spectral data were collected in both
full scan and single ion monitoring modes (ions chosen are
described below). Fragmentor voltage was held constant for
all runs at 00 V. Conditions included a drying gas tflow of
I3 L/min, drying gas temperature of 350°C, and nebulizer
pressure of 50 psi.

Identifications of common flavonoids and other phenolic
compounds were made on ESI spectra obtained from this in-
strument. Some of the identifications were conlirmed with se-
lective reaction monitoring (SRM, or MS?) and continuous re-
action monitoring (CRM. or MS%) experiments. which were
performed on a Hewlett Packard (Palo Alto) mode] 1100 HPLC
apparatus that was interfaced 1o an ion trap mass spectrome-
ter (LCQ mass spectrometer, Finnigan, San Jose. CA) equipped
with an ESI source. The colwnn in this case was a Walers
Symmelry column (2.1 X 150 mim, 3.5 gm) with entry guard
column (C18; particle size, § pm: 39 id. X 200mm). The mo-
bite phase contained the same salvents as deseribed above:
however, the linear gradient was 15-35% 13 in 35 minutes and
then brouglht up o 100% to wash the column, The (low rale
was (1.2 mL/minute, and injection valume was 15 pel.,

Actdic hvdrolvsis: confirmation of flavonoid derivatives

Some of the identifications of glycosylated flavonoids were
conlirmed by the analysis of the aglycones obtained from the
hydrolysis of the extract and then comparing with commer-
cially available standards. Hydrolysis conditions consisted of
treating 0.5 mL of the extract wilh (.1 mL ol concentrated
HCl and then heating the mixture to 95°C lor 1.5 hours.

Basic hydrolysis: confirmation of phenolic
acid derivatives
To liberate the phenolic acids, saponification of the broc-

coli samples was performed. A solid broccoli sample
(0.200-0.250 g) was covered with 5 mL of a basic solution

(2 N NaOH, 10 mM EDTA, and 1% ascorbic acid). The re-
action mixture was stirred with heating (at 30°C) for 30 min-
utes.?® The reaction was quenched and adjusted to pH 3 via
the addition of 8 N HC!. Work-up consisted of extraction
with ethyl acetate (2 X 5-mL portions) using sonication for
20 minutes. Nitrogen was used to evaporate the organic sol-
vent. The solid residue was dissolved in 2 mL of 50:50
(vol/vol) methanol/water and filtered (particle size, 0.22 um,
polyvinylidene fluoride) prior to HPLC analysis. An
HPLC/UV method developed for the detection and quanti-
tation of phenolic acids in foods that has been described
elsewhere®” was used for the analysis of the freed phenolic
acids. Mobile phase consisted of solvent A = 0.1% formic
acid in deonized water; solvent B = methanol. Linear gra-
dient was 5-30% B in 50 minutes and then hold at 30% for
|5 minutes. The column was a Phenomenex (Torrance, CA)
Luna CI8-high purity silica (150 X 4.6 mm), the flow rate
was set at 0.7 mL/min, and temperature was 25°C. Moni-
toring was at 270 and 325 nm. MS data on the saponified
samples were collected with this same mobile phase using
both ful] scan and single ion monitoring mode.

SF analysis

Analysis of SF was by the method described by Matush-
eski er al.2% In brief, { part of finely ground freeze-dried
broccoli was mixed with 9 parts of deionized water, wrapped
in foil to avoid light exposure, and hydrolyzed for 8 hours
at room temperature. The broccoli slurry was filtered
through cheesecloth, and an internal standard was added
(benzyl isothiocyanate) before 0.5 mL of broccoli extract
was extracted with 1.0 mL of acetonitrile. SF concentration
was determined in the acetonitrile extract by gas chro-
matography. The original broccoli concentration of SF was
calculated using an SF standard curve, and the data were
carrected for extraction efficiency by using the internal stan-
dard.

Statistical analysis

Significant dilferences in compound content were deter-
mined using analysis of variance (one-way). Where a sig-
nificant effect (P = .05) was found, Tukey’s Studentized
range test was used to determine differences between means.

RESULTS AND DISCUSSION

It is has been estimated that 40% of all human cancers
may be a result of poor diets. Some of the relationship be-
tween diet and cancer is because of ingestion of potential
carcinogens through food, but the greatest impact of diet on
cancer is by consumption (or lack of consumption) of com-
pounds that prevent cellular damage and thus reduce the in-
cidence of cancer.3? Many studies report an especially strong
inverse relationship between the intake of cruciferous veg-
etables and the risk for many cancers,?’32 an association
that is stronger than the association between cancer risk and
fruit and vegetable intake in general.*® Verhoeven et al®
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FIG. 1. Structure of the phenolic components and derivatives in broccoli. A: Glycosylaled [lavonoids (4-6). B: Hydroxycinnamic esters (7-11).
C: 5-0-Caffeoylquinic acid (3), also referred to as chlorogenic acid. 3-O-Caffeoylquinic acid (2), also rcferred Lo as neochlorogenic acid, is nol
shown; however, substitution would be at position 3.



208 ROBBINS ET AL.

TasLe 1. RetentioN Times, Peak IDENTITY, anp MS ResuLts ror Broccorr SampLE 1000SM

Peak identification

Caffeoyl derivatives Flavonoid Feruloyl and sinapoyl
(chlorogenic acids) derivative derivatives
1 2 3 4 5 6 7 8 9 10 11 120
Retention time 6.9 10.3 14.0 21.3 21.3 239 33.1 358 385 42.4 45.3 511
(minutes)
[M-H] 353 353 353 609 625 609 753 723 693 959 929 849
SRM 191 191 191 446 300 429 529 499 499 735 705 714
284 285 289 477 687
CRM 256 271 256

Peak 3 at retention time 14.0 minutes was confirmed to be 5-O-caffeol quinic acid via co-injection of commercially available stan-

dard.

PUV-visible spectrum of this peak contains Anax at 240, a peak at 325, and a pre-shoulder at 294, which is consistent with

hydroxycinnamic moicties.

reviewed seven cohort studies and 87 case control studies
and reported that 67% of the case control studies found in-
verse associations between total crucifer intake and cancer
risk. Broceoli was significantly related to decrcased cancer
incidence in 56% of the control studies, and cohort studies
found a significant inverse association between broccoli in-
take and risk for all cancers.

The chemoprotective effects of broccoli are likely the re-
sult of ingestion of numerous bioactive components, with three
of the most important being phenolics, glucosinolates, and (un-
der special conditions) scleno-molecules. Indeed a patented
form of broccoli sprouts has been produced with an enhanced
concentration of glucosinolates.® Thus the potential health
benefits of broccoli make it a plant that fits well within the de-
finition of “functional food.” However, preliminary evidence
led us to believe thal increasing the concentration of one com-
pound, especially Se, caused a concomitant decrease in the
others; i.e., it was not possible to maximize ull the functional
characteristics of broceoli simultaneously.

Broccoli is normally not u good source ol Se, bul when
it is grown on Se-rich soil or medium, it will accumulate
large amounts. We have previously reported that high-Sc
brocceoli inhibited the formation of chemically induced pre-
neoplastic lesions in rat colon,® spontancous intestinal tu-
mors in mice,’ and mammary wmors in rats.3? It was hy-
pothesized that increasing the Se content of broceoli would
allow synergistic interaction with other biocactive compo-
nents, thus increasing its overall chemoprotective bencfit.
However, in the present report we have characterized glu-
cosinolate and phenolic compounds in broccoli, and have
shown that Se fertilization has a major impact on which phe-
nolic compounds predominate, as well as decreases glu-
cosinolate concentrations.

Identification of major phenolic components

An extract of the Majestic broccoli with no Se treatment
(0SM) was anatyzed by LC/UV/MS and was shown to con-

tain several hydroxycinnamic esters |caffeoyl (1-3) and
sinapoyl, feruloyl derivatives (7-11)] and glycosylated
flavonoids [quercetin and kaempferol derivatives (4-6)].
Structures of identified peaks are depicted in Figure .
Analysis of all samples under the same conditions demon-
strated that, for the most part, the same compounds with the
same mass weight were present in all samples (peak 12 was
not detected in two samples). The identities of the peaks
were assigned using retention times and LC/MS in full scan
mode; further confirmation was achieved by single ion mon-
itoring and examination of the hydrolysis products. Reten-
tion times and masses by HPLC-MS are shown in Table ]
(values are for sample 1000SM).

Hydroxycinnamate esters

Although not directly observable via the LC/UV chro-
matogram, single ion monitoring confirms three peaks with
mass ol 353, Compounds 1-3 gave the same [M-1] ion at
m/z 353 and are isomeric caffeoylquinic acids (also referred
to as chlorogenic acids) (Fig. 1C). The base peak in the MS?
speetrum is an ion at m/z 191 corresponding to the quinic
acid moiety. ™ Although six chlorogenic isomers are known
to exist, only two of these isomiers have been previously re-
ported in broceoli, 3-O-caffeoylquinic (2) and 5-O-cal-
feoylquinic acid (3).* The idenlity of 1 has not been con-
firmed. Literature reports indicate the most abundant
chlorogenic acid in broccali is 3-O-caffeoylquinic; for that
reason we assign the peak at retention time 10.3 minutes to
be 2 since the commercially available 5-O-calfeoylquinic 3
had a retention time of 14.0 minutes.

The sinapoyl and feruloy! derivatives detected (7-11) have
been previously reported.*04! The base peak for the sinapoy!
derivatives (7, 8, 10, and 11) indicates loss of fragment of 224
(sinapic acid) except for 9, where a loss of 194 is observed
(loss of ferulic acid). The UV specttum for peak 12 is indica-
tive of the presence of a hydroxycinnamic moiety, yet the [M-
1] ion observed is /m/z 850 nm, which does not coincide with
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2 32
F1G. 2. HPLC/UV trace of suponified £ E
broccoli samples. Caf, caffeic acid; Fer, ] [
ferulic acid; Sin, sinapic acid. 250 Fer [20
Caf
0-+—+ A Lo
0 2 3 40 50 60

previously reported phenolic components. The MS? base peak
is 687, indicating the loss of 163, consistent with a p-coumaric
phenolic moiety*; however, no p-coumaric acid is observed
(see below), and the UV spectrum has A ., at 220, a pre-shoul-
der at 295, and a peak at 325 nm, which is consistent with fer-
ulic, sinapic, and caffeic acids (all three have similar UV spec-

Minutes

tra). The second major peak in the MS? spectrum is loss of
135, which corresponds to decomposition of caffeic acid. The
sugar moieties do not contain any chromophores and are there-
fore UV silent; however, they can cause the retention times to
shift dramatically.

Saponification (basic hydrolysis) was performed to liber-

RT:
@ Quercetin NL:
7 & 15.49 TCME
1] 1 . . |
g 100 . Luteolin
§ 3 Rutin Kaempferol Lelder53
< o] 12,00
g 0 172 56753410 18.42
51138 [\ 237 361497 5-“@/’@3 761 0280971 10.92 13.16 1363 16.317.79 /\18.56
o Kaemplerol TL:BES
B) SIM TIC of Hydrolyzed Broccoli 1850 Tiowe
100-3 Quercetin Ibroccoli 18
] 15.61
50 1,60 447 1539
VNS 3 a3 g se9m, a2 AR DAL 0an) e
0 § = AN W
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FIG. 3.
and mass spectra of hydrolyzed broccoli sample. Rt, retention time.

A: The total ion chromatograms (TICs) of quercetin, kaemplerol, Juteolin, and rutin, B: Single ion monitoring (SIM) chromatogram
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TanLE 2. COMPARISONS OF THE PHENOLIC COMPOUNDS PRODUCED IN THE VARIOUS BROCCOLE SAMPLES ANALYZED

Peak identification

Broceoli

sample 12 2 3 4 5 6 7 8 9 10 11 12
0 SM 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
5 SM 43 0.9 0.6 0.4 0.6 0.4 0.9 1.1 1.2 1.3 1.9 0.2
100 SM 1.7 1.0 3.5 0.4 0.6 04 0.9 0.9 0.9 14 2.1 0.3
1000 SM 7.4 0.7 0.2 0.3 0.7 0.6 0.3 05 0.5 0.3 0.4 0.3
CG L oo 3.2 0.7 3.2 1.7 0.7 0.14 1.7 1.2 0.9 1.0 0.7 ND
GC L 50 2.2 0.8 23 1.7 0.7 0.08 2.0 1.2 1.0 0.1 0.8 ND
OG L 100 2.5 0.7 3.2 1.6 0.7 1.0 1.1 0.5 0.3 1.0 0.4 0.03

The amount of a compound observed in Majestic broccoli with no Se fertilizer (05M) was arbitrarily set to 1.0 (100%), and changes
induced by treatment are presented as a factor of 1.0. ND, not detected.
*Areas obtained for chlorogenic acid derivatives 1-3 were obtained by monitoring for the single ion m/z 353 (single ion monitor-

in&).

ate the monomeric phenolics, since cis—frans isomerization,
decomposition, and (ransesterification can occur under
acidic conditions. Three hydroxycinnamic acids—caffeic,
ferulic, and sinapic—were observed (Fig. 2); identities of
these peaks were confirmed by spiking of the saponified so-
lution with commercially available standards as well as com-
parison of UV speclra. No p-coumaric acid was observed,
indicating that peak 12 most likely does not contain a p-
coumaroyl substituent. Analysis of the unhydrolyzed extract
found no evidence of free phenolic acids.

Glveosylated flavonoids

Two components co-eluted (retention time = 21.3 min-
utes). and the overlapped peaks gave n/z 608.9/625.0, which
are consistent with reporled kaempferol-3-O-sophoroside
and quercetin-3-O-sophoroside, respectively.’ A third peak
with isomeric n/z; 609.0 eluted at retention time 23.9 min-
utes. Acid hydrolysis of the broccoli extract was further an-
alyzed by LC/MS/MS (or presence of aglycones. Compared
with commercial standards, retention times and masses of
the detected products ([M-1]) were consistent with quercetin
(m/z 301) and kacmplerol (m/z 285) (Fig. 3). The aglycone
lutcolin was also included in the conunercially available

Tani 3.

Aveas obtained for each m/z 609 and 625 were obtained using single jon monitoring at retention time 21.3 minutes.

mixture since it has the same molecular mass (286) as
kaempferol, but was not detected in the hydrosylate. These
results are consistent with kaempferol as the flavonoid back-
bone for the peaks with m/z of 609. We cannot assign the
exact structure to peaks labeled 4 and 6; however, evidence
(retention time and the mass data) indicates that they are
likely to be isomers with the difference perhaps being the
position of the sugar moiety (substitution at position 7 vs. 3
based on previous literature reports indicating possible sub-
stitution at that position 7).4% Analysis of the peak with [M-
1] at m/z 625 through SRM (or MS?) gave a major ion at
n/z 300.1. CRM (or MS?) gave a product ion spectrum sim-
ilar to that of the quercetin standard, suggesting the peak at
retention time 21.3 minutes might contain quercetin-3-0-
sopharoside (5).

Effect of variety and culture conditions on relative
concentrations of the phenolic components identificd

The most prominent dilTerences in phenolic profiles were
between  broccoli varieties  (although  varicty was con-
founded with production conditions, so we cannot say with
absolute certainty that variety was the sole determinant of
difterences). Relative to Legacy, the Majestic varicty had an

AMOUNT OF MONOMERIC PHENOLIC ACIDs AFFTER BAsic HYDRODYSIS ON SOt Broccour SAMrLES

Phenolic acid (mg/100 Q)

Broceoli samiple Caffeic Sinapic Ferulic
CGL100 (17 = 3) 2.1 0.2 (9.6%) 50.8 = 4.7 (9.4% 163 * 1.3 (8.0%)
CGLS50 (1 = 3) 4.0 = 0.2 (6.6%) 544 * 1.6 (3.1%) 16.0 * 1.3 (3.2%)
OGL100 (n = 3) 3.8 = 0.4 (0.9%) 40.5 = 0.4 (0.9%) 8.5 = 0.02 (0.3%)
OSM (n = 3) 9.6 = 0.1 (1.3%) 63.7 = 1.0 (1.7%) 27.3 = 0.4 (1.3%)
5SM (n = 3) 18.9 = 0.6 (3.4%) 772 + 1.7 (2.3%) 43.6 =+ 0.9 (2.2%)
100SM (n = 3) 222 = 0.2 (1.1%) 8§7.7 = 2.0 (2.2%) 465 % 0.2 (1.7%)
1000SM (n = 7) 3.7 £ 0.2 (5.9%) 28.7 = 1.8 (6.6%) 31.5 = 2.0 (6.3%)

Amounts are mean values reported in milligrams/100 g of sample. Coefficients of variation are in parentheses.
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FIG.4. HPLC/UV trace for four methanol/water broccoli extracts (0SM, 1000SM, CGL 100, and OGL 100) monitored at 350 nm. Phenolic com-
ponents 1-12 are labeled. Although peak 1 is not detected via UV, it was detected with MS (see text).
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abundance of the {lavonoids quercetin and kacmpferol, and
feruloyl and sinapoy] esters were greatly reduced. Peak 12
was also abundant in Majestic broccoli, but nearly unde-
tected in the Legacy broccoli.

Comparisons within the Majestic variety showed that Se
[ertilization did not have much effect on which phenolic
compounds were produced, but it had a great effect on the
total amount produced. To facilitate comparison between
treatments, the amount of a compound observed in Majes-
tic with no Se fertilizer was arbitrarity set to 1.0, and changes
induced by treatment are presented in Table 2 as a factor of
[.0. Overall, fewer phenolic compounds were produced in
plants with Se concentrations of 1,000 ug of Se/g of dry
weight. However, four treatments were examined with Se
contents of 0, 5, 100, and |,000 ug of Se/g of dry tissue,
and Se fertilization up to [00 pg of Se/g of dry tissue ac-
wally increased or had minimal to no effect on production
of eight of 12 identified compounds. However, when fertil-
ization was increased and the plant contained 1,000 pg of
Se/g of dry tissue, 11 of 12 identified compounds decreased.
Total phenolics were measured on these four samples using
the standard Folin Ciocalteu colorimetric assay. Sample
OSM yielded 6.78 mg of gallic acid equivalents/g of broc-
coli. The values obtained for 5SM, 100SM, and 1000SM
were 9.15, 6.76, and 4.31 mg of gallic acid equivalents/g of
broccoli, respectively. Results confirmed the decrease in ab-
sorbance observed by LC/UV analyses. Total phenolics in
three classes increased with Se fertilization up to 100 ug of
Se/g of dry tissue, but dropped dramatically with a further
increase 1o 1,000 pg of Sefg of dry lissue. Determination of
liberated caffeic, ferulic, and sinapic acids in the broceoli

also indicated the drop in these components for the 1000SM
broccoli sample (Table 3).

There may be evidence for a physiological breaking point
between 100 and 1,000 ppm of Se, as Bird ¢f al.*? reported
that garlic with an Se concentration of 1,355 ug/g of dry
weight contained primarily Se-methylselenocysteine (SeMSC)
as the Se species, whereas garlic with an Se concentration
of 296 ug/g contained primarily y-glutamyl SeMSC. Thus
it may be that a certain point the Se concentration in a plant
exceeds the ability of the plant to completely detoxify it, re-
sulting in a toxic stress and depressed production of metabo-
lites such as phenalic components.

Within the Legacy variety, organic and conventional
farming practices can be compared directly within the 100%
water treatments. There were very few visually apparent dif-
ferences (Fig. 4), and comparison of the relative abundances
of each particular compound (Table 2) confirmed that al-
most all of the same compounds were found at the same
abundances; further, there was no detectable pattern that
suggested that water treatment or farming method had a
greater influence on phenolic production. Analysis of total
caffeic, sinapic, and ferulic acids gave a similar result, i.¢., no
detectable pattern of production method or water treatment
having a greater effect on phenolic production (Table 3).

Effect of selenium on glucosinolates, SF, and Se
concentration on broccoli
Se fertilization also affected production of another class

of secondary plant compounds, the glucosinolates. In gen-
eral, increased Se fertilization of plants resulted in a dose-

TapLi 4. ToralL GLUcosINOLATES (GS), InpoL: GLucosinoLaTes {INpoLe GS), ALIPHATIC GLUCOSINOLATES (ALivhnaTic GS),
GrucorarnaniN (GP), SF, anp St ConTenT OF FREEZE-DRIED BrOCCoL SaMrLes ok AQurous Exrracts arF Broccou, Broocor
GrOwn witH DisiriENT CONCENTRATIONS OF S1i Furuazer, or Fiero-Grown witkl CONVENTIONAL Ok Cirntirtn OrGANIC TECHNIQUES

Coutent of

Total content of Iyoplilized

fyophilized aqueonts extract
broceoli (uM)
Freeze-dried Total Iindole Aliphatic
broceali GSs GS GS GPr SF Se SF Se
Se treatment
0 ppm Se 159 = 1,70 24 06 114 = 140 7.0 = 0.5 04 = (.01* 239 + 28 1.3 x02
100 ppm Se 140 = 24%0 25 + 08 BO = 18M 65 = 118 98.6 * 37" 157 + 3" 354 x 13
10,000 ppm Se 116 =18 25+ 02 65 * 17% 44 x 050 879.2 £ 3.2¢ 41 2 3¢ 354 * 56
Organic and conventional
production
Conventionally grown, 165 + 0.9 72 = 1.0% 61 %09 49 =08 39 x 01" 014 %001
80% H,0
Conventionally grown, 20.0 = 3.2 93+ 14> B1 * 18 6214 40 =01" 012 =0.01
100% H,O
Organic grown, 17.6 = 1.0 7.0 +10> 80 =*08 69 * 08 1.6 =01 0.05 % 0.002

100% H,0

Data are mean * standard error values and are in units of micromoles/gram of dry weight except as noted for the lyophilized

aqueous extract of broccoli [20:1 (vol/vol) water/broccoli] (1t

4 for Se treatment; n = 3 for organic vs. conventionally grown).

Means in the same column with different superscripts are significantly different. Se treatment and organic versus conventional pro-

duction were analyzed separately.
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dependent decrease in all classes of glucosinolates. Gluco-
raphanin, the parent compound of SF, decreased from 8.7
to 5.1 mwmol/g of dry weight (41% decreased) in high-Se
broccoli compared with 8.7 umol/g of dry weight in low-
Se broccoli (Table 4); this resulted in a corresponding de-
crease in SF from 239 to 41 uM (82% decrease). Aliphatic
glucosinolates showed a more modest decline, from [2.6 to
8.3 wmol/g, a 35% decrease (Table 4).

Production method affected glucosinolate content, as both
water stress and organic farming decreased glucosinolate
content relative to unstressed conventionally grown broc-
coli. Tnterestingly, water stress and organic production gave
similar results for most compounds. These results seem con-
trary to what would be expected as phenolic compounds
have been considered to increase in times of stress.'? Num-
bers in the present report are limited, and certainly results
cannot be generalized, but neither phenolic acid nor glu-
cosinolate data are suggestive of greater concentrations of
bioactive compounds in organically grown broceol,

Overall these data illustrate the variability of bioactive
compounds. Further, they show that attempts to maximize
a certain bioactive compound may result in a decrease in the
content of another compound. If the agricultural and food
industry wishes to promote a product based on *“functional”
propetties, the compound of interest must be characterized,
and sources of variation must be determined. Foods are not
produced with the precision of pharmaceuticals, and the
prospect of significant variation is always a potential, if not
a reality.

ACKNOWLEDGMENTS

We would like to thank Brian Gregoire Tor assistance with
praduction of the high-Se broccoli and Dr. John A. Juvik,
Department of Natural Resources and Environmental Sci-
ences, University of Tlinois, Urhana, IL, Tor analyzing the
braccoli for glucosinolate content. We also would like to
thank Dr. Elizabeth H. JetTery, Department ol Food Scicnee
and Human Nutrition, University ol THinois, Urhana, lor an-
alyzing the SIF concentrations in the broceoli extracts, We
also express gratitude (owards Drs, Long-Ze Lin and Su-
dursan - Mukhopadhyay, Food Composition  Laboratory,
Agricultural Rescarch Service, U.S. Departiment o Agri-
culture, Beltsville, MD, for their assistance with the LO/MS
and total phenolic measurements, respectively.

REFERENCES

1. Hasler CM: The changing lace of functional foods. J Am Coll
Nutr 20000 19(5 Suppl):499S-5068S.

2. McKillop DI, Penticva K, Daty D, McPartlin JM, Hughes J. Strain
13, Scott JM, McNulty H: The effect of different cooking meth-
ods on folate retention in various foods that are amongst the ma-
jor contributors o lolate intake in the UK diet. Br J Nutr
2002:88:681-688.

3. Munzi F, Flood V. Webb K, Mitchell P: The intake ol carotenoids

6.

=<

19,

20).

213

in an older Australian population: The Biue Mountains Eye Study.
Public Heualth Nutr 2002,5:347-352.

. Dolnikowski GG, Sun Z, Grusnk MA, Peterson JW, Booth SL:

HPLC and GC/MS determination of deuterated vitumin K (phyl-
loquinone) in human seram afier ingestion of devteriun-labeled
broceoli. J Nutr Biochem 2002;13:168-174.

. het Hof KH, Tijburg LB, Pietrzik K. Weststrate JA: Influence of

feeding different vegetables on plasma levels ol carotenaids, fo-
late and vitamin C. ElTect of disruption of the vegetable matrix.
Br J Nutr 1999:82:203-212.

Bourquin LD. Tugemeyer EC, Fabhey GC Ir: Vegetable fiber fer-
mentation by human fecat bacterin: Cell wall polysaceharide dis-
appearance and short-chain fatty acid production during in vitro
lermentation and water-holding cupacity of unfermented residues.
J Nutr 1993:123:860-809.

. Zhang Y, Talalay P, Cho C, Posner G: A major inducer ol anti-

carcinogenic proteetive enzymes from brocolli: Esolation and elu-
cidation ol structure. Proc Natl Acud Sei USA 1992:89:2399-
2403,

. Chu YF, Sun I, Wu X, Liu RH: Antioxidant and antiproliferative

activities of common vegetables, J Agric Food Chem 2002:50:
6910-6916.

. Finley IW: Reduction of cancer risk by consumption of selenium-

enriched plants: Enrichment of broccoti with selenium increases
the anticarcinogenic properties of broceoli. J Med Food 2003;6:
19-26.

. Wink M: Compartmentation of secondary metabolites and xeno-

biotics in plant vacuoles. Adv Botan Res 1997:25:141-169.

. Einhellig FA: Mechanisms and modes of action of allelochemi-

cals. In: The Science of Alielopathy, John Wiley and Sons, New
York. 1986. pp. 171-189.

. Inderjit. Streibig JC. Olofsdotter M: Joint action of phenolic acid

mixtures and its significance in allcopathy research. Phywiod
Planta 2002:114:422-428.

. Jacob RA, Burri Bl Oxidative damage and defense. Am S Clin

Ny 1996:03Suppl):9855-9905.

. Proweggente AR, Pannala AS, Paganga G, Van Buren 1., Wagner

E. Wiseman 8, Van De PF, Dacombe C, Rice-Evans CA: The an-
tioxidant activity of regularly consumed fruit and vegetables re-
fleets thetr phenofic and vitamin C composition. Free Radic Res
2002:30:217-233,

L Stich HEC Chan PR Rosin M Pz Inhibitory elfects of phenolies,

teas and saliva on the formation of mutagenic nitrosation prod-
uets of salted lish. i Caneer T982:3:719-724,

. Slavin JL: Mechanisms Tor the impact of whale grain foods on

cincer risk, J Am Cofl Nugy 200089(Supph: 30083078,

. Owen RW, Giacosa A, Hult WE. Haubner R, Wurtele G, Spiegel-

hilder B, Bartseh H: Ofive-oil consumption and health: The pos-
sible role of antioxidants, Lancer Oneol 200001:107-112.

. Ferguson LR, Harris PI: Proteetion against cancer by wheat bran:

Role of dictary {ibre und phytochemicals. Eur J Cancer Prev
1999:8:17-25.

Craig W, Becek L: Phytochemicals: Health protective eflects. Can
J Diet Pract Res 1999:60:.78-84.

Amagase H, Petesch BL, Matsuura H, Kasuga S ltakura Y: In-
take of garlic and its bioactive components. ./ Nutr 2001;
131(Suppl):9555-9628.

. Robhbins RJ: Phenolic acids in foods: An overview of analytical

methoadology. J Agric Food Chem 2003.51:2866-2887.



214

22.

23.

Fenwick GR. Heaney RK, Mullin WJ: Glucosinolates and their
breakdown products in food and food plants. Crit Rev Food Sci
Nurr 1983;18:123-201.

Rabot 8, Nugon-Baudon L, Szylit O: Rupe-seed meal toxicity in
gnotobiotic rats: Influence of a whole human faecal tlora or sin-
gle human strains of Excherichia coli and Bacteroides vulganas.
BrJ Nun 1993.70:347-354.

- Matusheski NV, Wallig MA, Juvik JA, Klein BP, Kushad MM,

Jeffery EH: Preparative HPLC method for the purification of sul-
foraphane and sulforaphane nitrile from Brassica oleracea. 1
Agric Food Chen 2001:.49:1867-1872.

. Josefsson E: Distribution of thioglucosides in different parts of

Brassica plants. Phviochemistry 1967;6:1617-1627.

. Banuelos GS: Irrigation of broeeoli and canola with boron- and

selenium-lacden effluent. J Environ Qual 2002;31:1802-1808.

. Finley JW, Davis C, Feng Y: Selenium from high-selenium broc-

coli protects rats from colon cancer, J Nurr 2000;13(0:2384-238Y.

28. Nuardini M, Cirillo E, Natella F, Mencarelli D, Comisso A, Scac-

cini C: Detection of bound phenolic acids: Prevention by ascor-
bic acid and ethylenediaminetetraacetic acid of degradation of
phenolic acids during alkuline hydrolysis. Food Chem 2002:79:
119-124,

29. Robbins RJ, Bean S: Development of a measurement system for

30.

phenolic acids: Quantitative high-performance liquid chromatog~
raphy with photodiode array detection. J Chromarogr A 2004;
1038:97-105.

World Cancer Research Fund: Food, Nutrition and Prevention of
Cancer: A Global Perspective, American Institute for Cancer Re-
search, Washington, DC, 1997.

. Rijken PJ, Timmer WG, van de Kooij Al, van Benschop [M,

Wiseman SA, Meijers M, Tijburg LB: Effcet of vegetable and
carolenoid consumption on aberrant crypt multiplicity, a surro-
gate end-point marker for colorectal cancer in azoxymethane-in-
duced rits. Curcinogenesis 1999:20:2267-2272.

. Wattenberg LW, Sachaler HW, Water L), Davis DW: Inhibition

ol mammary tumor lormation by broccoli and cabbage. Proc A
Assoc Cancer Rex 1989:30:181-190.

ROBBINS ET AL.

33. Michaud DS, Spiegelmun D, Clinton SK, Rimm EB, Willett WC,
Giovannucci EL: Fruit and vegetable intake and incidence of blad-
der cancer in a male prospective cohort. J Natl Cuncer Inst
1999:91:605-613.

34. Verhoeven DT, Boldbohm RA, van Poppel G, Verhagen H, van den
Brandi PA: Epidemiological studies on brassica vegetables and can-
cer risk, Concer Epidemiol Biomarkers Prev 1996,5:733-748.

35. Brassica Protection Products LLC: Statement Regarding New
Patents Issucd and BroccoSprouts® [press release]. hup://www.
brassica.com/press/pr0004.htm (October 21, 1999).

36. Davis CD, Zeng H, Finley JW: Selenium-enriched broccoli de-
creascs intestinal tumorogenesis in multiple intestinal neoplasia
(Min) mice. J Nuzr 2002;132:307-309.

37. Finley JW, Ip C, Lisk DJ, Davis CD, Hintze KJ, Whanger PD:
Cancer-protective properties of high-sclenium brocceoli. J Agric
Food Chem 2001;49:2679-2683.

38. Clifford MN, Johnston KL, Knight S, Kuhnert N: Hierarchical
scheme for LC-MSn identification of chlorogenic acids. J Agric
Food Chem 2003;51:2900-2911.

39. Vullejo F, Tomas-Barberan F, Garcia-Vigueras C: Health-pro-
moting compounds in broccoli as influenced by refrigerated trans-
port and retail sale period. J Agric Food Chem 2003:51:3029-
3034.

40. Plumb GW, Price KR, Rhaodes MJC, Williamson G: Antioxidant
properties of major polyphenolic compounds in broccoli. Free
Radic Res 1997,27:429-435,

41. Price KR, Casuscelli F, Colquhoun 1J, Rhodes MJC: Hydrox-
ycinnamic acid esters from broccoli florets. Phytochemistry
1997.45:1683-1687.

42. Kim EJ, Jung MJ, Jung HA, Woo JJ, Cheigh HS, Chung HY, Cho
JS: A new kaempferol 7-O-triglucoside from the leaves of Bras-
sica juncea L. Arch Pharm Res 2002;25:621-624.

43. Bird SM, Gc H, Uden P, Tyson J, Block E. Denoyer E: Specia-
tion of selenoamino acids and organoselenium compounds in se-
lenium-enriched yeast using high-performance liquid chromatog-
ruphy-inductively  coupled  plasma  mass  spectrometry.  J
Chromatogr 1997:789:349-359.



